Differentiating early mycosis fungoides (MF) from inflammatory dermatitis is a challenge. We compare the differential expression profile of early-stage MF samples and benign inflammatory dermatoses using microRNA (miRNA) arrays. 114 miRNAs were found to be dysregulated between these entities. The seven most differentially expressed miRNAs between these two conditions were further analyzed using RT-PCR in two series comprising 38 samples of early MFs and 18 samples of inflammatory dermatitis. A series of 51 paraffinembedded samples belonging to paired stages of 16 MF patients was also analyzed. MiRNAs 26a, 222, 181a and 146a were differentially expressed between tumoral and inflammatory conditions. Two of these miRNAs (miRNA-181a and miRNA-146a) were significantly deregulated between early and advanced MF stages. Bioinformatic analysis showed FOXP3 expression to be regulated by these miRNAs. Immunohistochemistry revealed the level of FOXP3 expression to be lower in tumoral MFs than in plaque lesions in paraffinembedded tissue. A functional study confirmed that both miRNAs diminished FOXP3 expression when overexpressed in CTCL cells. The data presented here suggest that the analysis of a restricted number of miRNAs (26a, 222, 181a and 146a) could be sufficient to differentiate tumoral from reactive conditions. Moreover, these miRNAs seem to be involved in MF progression.
Introduction
Mycosis fungoides (MF) is the most frequent cutaneous T-cell lymphoma (CTCL) type, accounting for almost 50% of all CTCLs [1, 2] MF patients initially show cutaneous infiltration by neoplastic cells (patch, plaque and tumor), and the disease eventually progresses to include lymph node, peripheral blood or systemic involvement in late stages. Clinical and pathological diagnosis of early MF stages (patch and plaque) is difficult because of the morphological similarity to inflammatory dermatitis and the low proportion of tumoral cells [3] . a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
MF cells have been shown to carry concurrent genetic changes in pathways regulating Tcell receptor (TCR) signaling, NFAT and NF-KB activation, and JAK/STAT signaling [4, 5] . As a result of these genetic alterations and other environmental changes or unknown factors, the phenotype of the neoplastic cells in MF may harbor markers that characterize different normal T-cell populations, including TFH (PD1, CXCL13, ICOS1, etc.), Treg (CD4, CD25, FOXP3), TH1, TH2 and TH17 cells. The clinical relevance of these changes in the phenotype has been the subject of several studies, whose results have not always been coincident [6] [7] [8] [9] .
Nevertheless, information concerning the mechanisms underlying MF genesis and progression is incomplete. MicroRNAs (miRNAs) are small non-coding RNA molecules, usually 21-22 nucleotides long, that regulate gene expression by directing mRNA degradation or repressing posttranscriptional protein translation by binding to the 3' untranslated region (UTR) of targeted gene transcripts [10] [11] [12] . They are involved in crucial biological processes, including cell growth and proliferation, differentiation and apoptosis [13, 14] . MiRNAs may have oncogenic or tumor-suppressing properties, depending on their target genes [15] [16] [17] [18] . Studies have demonstrated miRNA-specific signatures in different types of CTCL, suggesting that they have a role in the pathogenesis of these disorders [19] [20] [21] [22] [23] [24] [25] [26] [27] .
We analyze the differential expression profile of inflammatory dermatitis and early-stage MF samples and validate the results by analyzing two additional series of samples corresponding to early and advanced MF cases. Results are correlated with the expression level of FOXP3, a gene whose expression plays an essential role in Treg differentiation and MF progression.
Materials and methods

Patient samples
The series included an initial set of 14 early MF (patches-plaques) with freshly frozen samples and 15 reactive skin lesions (inflammatory dermatitis). An independent set of 65 formalinfixed paraffin-embedded (FFPE) MF biopsies (38 plaques and 27 tumors) and 18 reactive skin lesions were used for validation experiments. No normal skin tissue was obtained. All these samples were retrieved from the cutaneous lymphoma registry of the dermatology service of Hospital Universitario 12 de Octubre (Madrid, Spain) and the Biobank of Fundación Jiménez Díaz (Madrid, Spain). All patients gave informed consent to be included in this study. Diagnoses were established according to the WHO-EORTC classification for cutaneous lymphomas [28] . Stages were defined following the EORTC scheme [29] .
Extraction of mRNA
For miRNA hybridization of fresh frozen samples, total RNA was isolated by TRIzol reagent (Invitrogen, Carlsbad, CA, USA), following the manufacturer's instructions. RNA quality was checked using total RNA (small fraction chip) with the Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA), following the standard procedure.
For quantitative PCR of FFPE samples, mRNA was extracted using the RNeasy FFPE kit (Qiagen Inc., Valencia, CA, USA), in accordance with the manufacturer's protocol.
Microarray procedures: miRNA hybridization
Total RNA (100 ng) was hybridized on an Agilent 8x15K human miRNA microarray, following the manufacturer's instructions (Agilent Technologies) [30] . Scanning was carried out immediately using the Agilent G2565AA Microarray Scanner System (Agilent Technologies) and data were collected with Feature Extraction v9.5 software (Agilent Technologies). Significant miRNAs (p<0.05) were represented by a cluster using Babelomics 4.2 software (http:// babelomics.bioinfo.cipf.es). The microarray is available at the Gene Expression Omnibus under accession number GSE109421.
RT quantitative PCR (qRT-PCR)
We used commercial TaqMan microRNA Expression Assays (Applied Biosystems, Foster City, CA, USA) probes against miRNA-142-3p, miRNA-146a, miRNA-186, miRNA-142-5p, miRNA-222, miRNA-181a, miRNA-502-3p and miRNA-26a. MiRNA expression of FFPE tissues was achieved using the Applied Biosystems 384-well multiplexed real-time PCR assay with 10 ng of total RNA. RNA from each case was reverse-transcribed using the TaqMan1 MicroRNA Reverse Transcription kit (Applied Biosystems). miRNA-qRT-PCR was performed using TaqMan1 MicroRNA Assay (Applied Biosystems). All reactions were run on the ABI PRISM HT 7900 Real-Time Sequence detection system (Applied Biosystems), in accordance with the manufacturer's protocol. Two noncoding RNAs (RNU44 and RNU6B) were used as endogenous RNAs. Ct values were exported using Sequence Detection System version 2.2.2 software (Applied Biosystems) and the data were analyzed with Real Time StatMiner (Integromics). Reproducibility of triplicate curves was evaluated: inconsistent replicates were omitted. An miRNA was considered to be present if the Ct was less than 36 in all three biological replicates.
MiRNA target searching
A variety of web resources and algorithms to investigate potential miRNA targets were used: miRanda (http://www.miRbase.org), miRNA miRNASVR score (http://www.microrna.org), Targetscan (http://www.targetscan.org) and PicTar (http://pictar.mdc-berlin.de/). Genes involved in any of the NF-KB, STAT/JAK or FOXP3 pathways were found.
Statistical analysis
ΔCt values were used for statistical analysis. A limma t-test was performed (http://pomelo2. bioinfo.cnio.es) and miRNAs with associated values of p<0.05 were considered significant.
Associations between clinicopathological characteristics and expression of the significant miRNAs were assessed by Pearson correlation analysis. Estimates were considered statistically significant for values of p<0.05. All analyses were carried out with IBM SPSS Statistics v.20.0 (IBM Corp., Armonk, NY, USA).
Immunohistochemical studies
Immunohistochemical (IHC) staining of samples was performed by the EnVision method with a heat-induced antigen-retrieval step. Sections were immersed in boiling 10 mM sodium citrate at pH 6.5 for 2 min in a pressure cooker. The expression of FOXP3 was analyzed using the antibody developed by Roncador et al. [31] . Intensity of staining and percentage of tumoral cells were used to score markers. Cases were considered positive when more than 10% of the tumoral cells showed nuclear immunoreactivity. The primary antibodies were omitted to provide negative controls.
All cell lines used are non-adherent cells and grow up in suspension. They were cultured with Roswell Park Memorial Institute 1640 (RPMI) medium, supplemented with 10% heatinactivated fetal bovine serum (FBS) (Life Technologies), glucose (4.5 g/L), L-glutamine (292 mg/L), streptomycin sulfate (10 mg/L) and potassium penicillin (10000 U/L) (Gibco). Cell lines were grown at 37˚C in a humidified sterile atmosphere of 95% air and 5% CO 2 .
MiRNA transfection
x 10
6 cells (My-La and HH) were resuspended in 100 μl OptiMEM1 (Gibco) and electroporated with 40 μM pre-miRNA has-miRNA-146a (MIMAT0000449), pre-miRNA has-miRNA181a (MIMAT0000256), and a pre-miRNA-negative control (miRNAVana miRNA mimic Negative Control #1) using AMAXA Nucleofector (Lonza). Transfected cells were cultured at 37˚C within a humidified sterile atmosphere of 95% air and 5% CO 2 for 24, 48, and 72 h.
MiRNA isolation and qRT-PCR in cell lines
Total RNAs were extracted using TRIzol Reagent (Invitrogen) following the manufacturer's instructions.
qRT-PCR for the targeted mature miRNA was performed using the TaqMan MicroRNA Assay kit (Applied Biosystems), following the protocol described above. Conversely, RNA was reverse-transcribed to cDNA using Transcriptor Universal cDNA Master (Roche Life Science). cDNA was amplified in a 7500 Fast Real-Time PCR System (Applied Biosystems) at 40 cycles, and using TaqMan Gene Expression Assays specific for FOXP3 (Applied Biosystems). GAPDH was used as the internal control. Relative gene expression was calculated by the comparative cycle threshold (Ct) method.
Western blot
Protein extracts were isolated using TRIzol Reagent (Invitrogen) following the manufacturer's indications, denatured and separated on a 10% SDS-PAGE and western blot. Rabbit polyclonal antiFoxP3 (Abcam) and mouse monoclonal anti-β-actin (Sigma) antibodies were used. Proteins were detected with the appropriate secondary antibodies conjugated to alkaline phosphatase (Sigma) by chemiluminescence using Tropix CSPD and Tropix Nitro Block II (Applied Biosystems).
Results
Comparison of mycosis fungoides with inflammatory disorders
We analyzed the miRNA expression profiles from the available frozen samples of 14 early MF patients and 15 inflammatory dermatitis cases using miRNA microarrays. The limma t-test is a non-permutation method used to compare expression data between two groups (http:// pomelo2.iib.uam.es/help/pomelo2-help.html). Comparison of the miRNA expression profiles of MF and inflammatory dermatitis samples identified 114 differentially dysregulated miRNAs with an adjusted value of p<0.05 (Table 1) for the difference between the two conditions. Using unsupervised clustering (Fig 1) , the majority of MF and control samples clustered in different groups. There were 61 upregulated miRNAs and 53 underexpressed miRNAs, respectively, in the MF group compared with the inflammatory dermatosis group.
Validation of miRNA expression by qRT-PCR
Seven of the most highly upregulated miRNAs in the two groups (MF vs. controls) were analyzed by qRT-PCR in an independent series of 18 FFPE inflammatory dermatitis and 38 earlystage MF samples. Four miRNAs (miRNA-222, miRNA-26a, miRNA-146a and miRNA-181a) were found to be differentially expressed between the groups (Table 2) . We used the -ΔCt values to represent the plots graphically and found these four miRNAs to be upregulated in the MF cases (Fig 2) .
To extend the analysis, we investigated the comparative expression of the four miRNAs in samples of different MF clinical stages. To this end, a series of 38 FFPE early-stage MF and 27 advanced-stage MF samples were used. Statistical analysis revealed four differentially expressed miRNAs (Table 3) ; miRNA-222 and miRNA-26a were upregulated in early MF stages, while expression of miRNA-146a and miRNA-181a increased in advanced MF stages (Fig 3) . When only the data from the series of 16 patients with paired samples (plaque and tumor stages) were analyzed, miRNA-146a and miRNA-181a maintained their significance (p<0.05), both being upregulated in the advanced stage MF group of tumors, as before (Table 4 and Fig 4) . A positive correlation between the two miRNAs (p<0.001) was found, which suggests a possible shared regulatory mechanism. 
Expression of FOXP3 in paired samples
It was possible to express FOXP3 using IHC on FFPE tissues in 11 of the 16 patients for which paired samples were available. We found positivity for FOXP3 in 81.8% (9/11) of MF-plaque samples and in 72.7% (8/11) of the MF-tumor cases analyzed. Nevertheless, there was a median of 40% positive cells in early stages compared with the 5-10% found in tumoral MF samples.
Correlation between FOXP3 and miRNA expression in paired samples
Statistical analysis showed that expression of miRNA-146a and miRNA-181a was stronger in advanced MF stages than in MF-plaque samples. FOXP3 is a target of these miRNAs [32] . We investigated whether miRNA upregulation of both miRNAs could modulate FOXP3 in paired samples of MF. As found in in vitro studies, we observed a reduction of FOXP3 in MF tumoral samples (Fig 5) .
Overexpression of miRNAs in MF cell lines
We overexpressed the miRNA-146a and miRNA-181a in MYLA cells using a nucleofector and analyzed subsequent FOXP3 expression. A significant reduction in the mRNA levels of the FOXP3 gene was found in MYLA cells transfected with both miRNAs after 48 h transfection (Fig 6) . Moreover, western blot revealed a decrease in FOXP3 protein expression levels in the MYLA cell line after 48 h of miRNA transfection (Fig 7) .
Discussion
This paper reports two significant strands. First, we identified a subset of miRNAs that are differentially expressed in inflammatory cutaneous conditions and early MF stages, and which could therefore be used to recognize MF. Second, we found that a more restricted set of miRNAs appears to be involved in MF progression, at least partially as a consequence of their capacity to regulate the T-cell phenotype. MF at early stages is difficult to differentiate clinically and morphologically from other inflammatory conditions because the percentage of tumoral cells is very low. An aberrant immunophenotype (loss of CD7 expression) could be found under both neoplastic and reactive conditions [33] , while clonal peaks could be found in inflammatory dermatitis as well or could not be present in early MF stages. This makes the use of other diagnostic tools essential. Quantitative real-time PCR-based miRNA profiling is a robust, reproducible technology for determining miRNA expression in paraffin-embedded tissues. We found that, in general, upregulation of an miRNA signature was associated with MF diagnosis and progression of the disease, consistent with previous reports [20-23, 26, 34] . We identified a set of 114 miRNAs that were differentially deregulated between early MF and inflammatory conditions using miRNA arrays, four of which were validated in an independent series of samples using qRT-PCR. The miRNAs of interest were miRNA-222, miRNA-26a, miRNA-146a and miRNA181a. MiRNA-146a and miRNA-181a were also upregulated in early-stage MF relative to atopic dermatitis by Ralfkiaer et al. [26] and Lindahl et al. [34] . Our results are also consistent with those of the Van Kester et al. study [22] , whereby most of the miRNAs we found when comparing the 19 tumoral MF and 12 dermatitis (7 lichen planus and 5 spongiotic dermatitis) cases were found to be deregulated. Furthermore, miRNA-181a was found to be upregulated in both folliculotropic MF and MF with large-cell transformation compared with inflammatory dermatosis (5 cases of chronic eczema and 3 cases of discoid lupus erythematosus) [35] . https://doi.org/10.1371/journal.pone.0198477.g002 Conversely, none of them were included in the 5-miRNA classifier proposed by Ralfkiaer et al. [21] , which was validated by Marstrand T et al. [36] . Ralfkiaer et al., using miRNA arrays, identified 27 miRNAs showing strong and highly significant differences between CTCL and both benign skin diseases and normal skin. Later on, the three most induced (miR-326, miR-663b, and miR-711) and repressed (miR-203, miR-205, and miR-718) miRNAs among the previous ones were validated in an independent series of patients using paraffin-embedded tissue and RT-PCR techniques. Furthermore, the same results were obtained from xenograft models of both CTCL and psoriasis. Ralfkiaer et al. [21] also validated other deregulated miRNAs previously described in the literature, such as mir-21, mir-24, mir-199, let-7b and mir-155, as being differentially expressed between tumoral and reactive conditions. Furthermore, they proposed a simplified classifier using only three of these miRNAs (mir-155, mir-205 and mir-203). These findings led them to conclude that, for diagnostic purposes, qRT-PCR was more sensitive, specific and applicable than microarrays. In our microarray study, the expression levels of miR-326, miR-663b, miR-711 and miR-203 were not significantly different from those noted in the study by Ralfkiaer et al. [21] . Nevertheless, mir-155 appeared to be deregulated, although we were unable to validate this. Differences between our findings and previously published data sets could be explained by the conditions required for patient selection as well as the miRNA arrays themselves. Ralfkiaer et al. based their first classifier 63 heterogeneous primary cutaneous T-cell lymphomas (7 anaplastic large cell lymphoma, 7 Sézary syndrome, 9 PCTCL-NOS and 39 MF, without specifying the stage of the disease) that were compared with 85 samples of both inflammatory dermatosis and normal skin [21] . To validate their first classifier they used a set of 39 nodal PTCL-NOS samples and 11 benign skin disorders. In our study we compared early-stage MF samples against inflammatory conditions, while other studies have compared all kinds of primary cutaneous T-cell lymphoma, or solely advanced MF samples. Recently, Shen X et al., identified another classifier comprising five miRNAs (mir130b, mir-142-3p, mir-155, mir-200b and mir-203) which could accurately differentiate early-MF from inflammatory dermatosis [27] . Differences from the Ralfkiaer et al. classifier were attributed to differences in the ethnicities of the patients in both (and previous) studies. Recently, these three miRNAs (mir-155, mir-205 and mir-203) have been identified in both CTCL tumoral cells and plasma samples in a different cohort of patients [37] . These data will allow us to correctly diagnose CTCL from benign cutaneous lesions rapidly and less aggressively, and to establish a sensitive and specific means of monitoring CTCL progression [37] . There are some characteristics that enable the miRNA data to be integrated with the morphological and phenotypic data. The presence of intraepidermal atypical T-cells, forming Pautrier's microabscesses is a diagnostic hallmark of MF. Most TLR ligands of keratinocytes as well as CD11b of dendritic cells induce miRNA-146a production via NF-KB, leading to IL-8, TNFα and CCL20 downregulation [38] [39] [40] [41] . Moreover, miRNA-181a directly regulates IL-8 levels by binding to the 3' UTR region of the gene [42] and its expression is also known to be stimulated by TLR signaling [43] . Conversely, IL-8 is involved in recruiting polymorphonuclear neutrophils and it has been found not to be related to the epidermotropism of neoplastic MF T-cells [44] . Moreover, MIP-3α (CCL20) is a highly potent chemokine, predominantly expressed in extralymphoid tissue involved in chemoattraction of epithelial Langerhans-type dendritic cells and memory T-lymphocytes. It is overexpressed in atopic dermatitis, psoriasis and other cutaneous inflammatory disorders [45] [46] [47] .
In general, MF is a long-duration disease that is confined to the skin, where it manifests itself as patch-plaque lesions. However, its clinical course is highly variable and, in some cases, the tumor evolves aggressively, forming cutaneous tumors and infiltrating the peripheral blood. Although many of the mechanisms involved in this process are yet to be identified, there are changes in the phenotype of the neoplastic cells associated with the progression of the disease. One of the changing markers is FoxP3, whose expression is known to decrease when comparing inflammatory dermatitis with MF, or during the progression of MF [48] [49] [50] , consistent with our findings. It has already been shown that miRNA-146a and miRNA-181a could regulate FOXP3 expression directly and indirectly in a bidirectional autoregulatory loop [51] [52] [53] . We also overexpressed these two miRNAs in CTCL cell lines showing downregulation of FOXP3 mRNA and protein expression levels. In our study, their levels of expression increased as the disease progressed.
It has been proposed that Treg differentiation is regulated by the integrated interaction of transcription factors and environmental regulation, where multiple interleukins and STAT components play an essential role [4, 5, 54, 55] . MiRNA-146a can target PRKCε phosphorylates STAT4 and induce its downregulation, leading to STAT3 and STAT6 overexpression [56] . STAT1 and STAT3 activation is reciprocally regulated and the components appear to play opposite roles in proliferation, apoptotic death, inflammatory and anti-tumor immune responses: STAT1 is considered to be a tumor-suppressor gene, while STAT3 is regarded as an oncogene [54] . MiRNA146a is a direct inhibitor of STAT1 transcription so its incensement as the disease progress could lead also to the overexpression of STAT3. In addition, Stat3 directly binds to the miRNA-146a promoter and induces its expression [57] . Targeting JAK/STAT-signaling pathways with chemical compounds has led to neoplastic T-cell apoptosis [5, [58] [59] [60] , and inhibitors of miRNA-146a are also known to inhibit apoptosis [52, 53] . It should be noted that STAT3 is overexpressed in tumoral-stage MF specimens [60] while STAT4 downregulation is also involved in MF progression [55] .
MiRNA-181a is also involved in MF progression through the direct targeting of both the PTEN and BCL2 genes and could lead to NOTCH1 overexpression by downregulating multiple negative regulators of the Notch signaling pathway, such as NRARP [61] . Notch1 is overexpressed in late stages of the disease and could be a potential therapeutic target in CTCLs [62] . Moreover, BCL2 is underexpressed in late-stage MF disease [63] . Overall, these data suggest a role for miRNA-181a in supporting proliferation and inhibiting apoptosis in MF tumoralstage patients.
In summary, we propose that the analysis of only four miRNAs (26a, 222, 181a and 146a) could help differentiate inflammatory skin diseases from early-stage MF. These two miRNAs could also be involved in progression of the disease by controlling proliferation and apoptosis in neoplastic T-cells. 
